Context: Congenital adrenal hyperplasia (CAH) due to steroid 21-hydroxylase deficiency (CAH21) is most often diagnosed by newborn screening. The classic parameter studied is 17-hydroxy-progesterone, but the positive predictive value for the diagnosis of CAH is low in full-term newborns and even lower in preterm newborns.
Materials

A. High-Performance Liquid Chromatography
To perform high-performance liquid chromatography, Shimadzu Nexera XR system (Shimazu France, Marne la Vallee, France) and a Coreshell C18 column (Kinetex, 2.6 mm 100Å 100 3 2.1 mm; Phenomenex, Le Pecq, France) were used.
B. Tandem Mass Spectrometer
A triple quadripole mass spectrometer (Triple Quad 6500, ABSciex, Foster City, CA) was used.
C. Extraction System
Positive pressure manifold (Pressure+) and evaporation system (TurboVap LV) were purchased from Biotage (Uppsala, Sweden).
D. Supported Liquid Extraction Columns
Isolute SLE+ (Biotage, Uppsala, Sweden) was used, with 400-mL or 1-mL columns.
E. Steroids
Products from Steraloids (Biovalley, Marne La Vallée, France) were used for calibrator preparation.
F. Stable Isotope-Labeled Compounds
The following were purchased from CDN Isotopes (Pointe-Claire, QC, Canada): aldosterone 2,2,4,6,6,19,19-d7; cortisol-9,11,12,12-d4; 11b-OH-D4-androstenedione-d7; 21-deoxycortisol-2,2,4,6,6,21,21,21-d8; corticosterone-2,2,4,6,6,17a,21,21-d8; 11-deoxycortisol-21,21-d2; D4-androsten-3,17-dione-2,2,4,6,6,16,16-d7; 11-deoxycorticosterone-2,2,4,6,6,17a,21,21-d8; testosterone-2,2,4,6,6-d5; 17-a-hydroxyprogestérone-2,2,4,6,6,21,21,21-d8; progesterone-2,2,4,6,6,17a,21,21,21-d9; and dehydroepiandrosterone-2,2,3,4,4,6-d6. 17a-Hydroxypregnenolone-20,21-13 C2-16,16-d2 and pregnenolone-20,21-13 C2-16,16-d2 were purchased from Cambridge Isotope Laboratories (Andover, MA).
G. Solvents and Chemicals
LC-MS grade methanol and dichloromethane were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultra-pure water was produced with Millipore System Charcoal dextran coated (Milli-Q Integral) purchased from Merck Millipore (Saint-Quentin-en-Yvelines, France).
H. Certified Reference Material
Aldo, F, 11DF, T, and 17OHP (Cerilliant) were purchased from Sigma-Aldrich. Each ampule containing 1 mg steroid in 1 mL organic solvent was diluted in 100 mL methanol before being assayed. Steroid-free human serum was purchased from BioMérieux (Marcy l'Etoile, France).
I. Standard Solutions and Calibrators
Methanol solutions of steroids were stored at 220°C. Eight dilutions of a mixture of the 16 steroids were prepared by diluting them into steroid-free serum for the establishment of standard curves. They were stored at 220°C and used within 3 months.
J. Internal Standards
An internal standard mix was prepared in water containing the following (expressed in ng/mL): Aldo-d7 (5), E-d2 (33), F-d4 (66), 11bOHA-d7 (16), 21DF-d8 (50), B-d8 (25) , 11DF-d8 (25) , A-d7 (5), DOC-d8 (1), T-d5 (2), 17OHP-d8 (10), DHEA-d6 (10), 17 OHPreg-13 C2 d2 (10), P-d9 (10) , and Preg-13 C2 d2 (10) . Deuterated internal standards in a methanol solution were separated into aliquots and stored at 220°C and used within 3 months to prevent the loss of deuterium via exchange with hydrogen.
K. Quality Control Serum
We prepared quality control (QC) serum by spiking steroid-free human serum with low, medium, and high amounts of steroids because adequate QC material was not commercially available. QC serum was stored at 220°C and used within 3 months.
Methods
A mixture of the deuterated internal standard (150 mL) was added in the same run to 150 mL calibrators, QC serum, or patient serum. The solution was mixed and left standing for 5 minutes and then loaded onto an Isolute SLE+ 0.4 mL cartridge (Biotage) [3] [4] [5] [6] [7] . The samples were allowed to adsorb for 5 minutes before elution of the steroids by the addition of 2 3 0.9 mL methylene chloride. The eluates, which contained the nonconjugated steroids, were evaporated to dryness and reconstituted to 150 mL in methanol/water (50/50, volume-tovolume ratio).
Steroids were chromatographically separated by high-performance liquid chromatography, at 45°C, at a flow rate of 0.4 mL/min, by using a gradient from 80% phase A (water + 0.05% formic acid) and 20% phase B (methanol) to 10% phase A and 90% phase B over 10 minutes.
Detection was performed by atmospheric pressure chemical ionization operating in positive mode for all metabolites except aldosterone, which was analyzed in negative mode. The MS parameters, including declustering potential (volts), collision energy (electron-volts), and collision cell exit potential (volts) were optimized to achieve maximum sensitivity (Supplemental Table 1 ). The source parameters were as follows: atmospheric pressure chemical ionization voltage, 5500 V (24500 V for aldosterone); ion source temperature, 500°C; curtain gas, 35 (arbitrary unit); collision dissociation gas, 12 (arbitrary unit); ion source gas, 1 (40 psi); and gas, 2 (50 psi). Selection of the quantifier and qualifier ions was obtained by infusion of the analytes and identified in MS2 mode (Supplemental Table 1 ).
After acquisition, the LC-MS/MS data were analyzed by using MultiQuant software (version 3.0) with built-in queries or quality control rules allowing us to set compound-specific criteria for flagging outlier results. Flagging criteria included accuracies for standards and QCs, quantifier ion/qualifier ion ratios, and lower/upper calculated concentration limits.
For each calibration curve, a regression line was calculated by using least-squares method (1/x).
A. Validation
The correlation coefficient was .0.999 for each steroid standard curve. This was considered acceptable because back-calculations of 75% of the concentrations of nonzero standards were within 15% of the nominal concentrations except at the lower limit of quantitation (LLOQ), where 20% is considered acceptable [8] .
The LLOQ, lower limit of detection, and upper limits of quantification were established according to established guidelines [9] and are reported in Supplemental Fig. 1 .
Precision was evaluated from the analysis of 10 replicates for the three steroid growing levels in the QC serum. All QC interassay values varied by ,10% (Supplemental Table 2 ).
Accuracy was studied by using several methods depending on available materials. The accuracies were between 85% and 115% relative to nominal control serum values. The biases compared with certified reference material analysis were ,6% relative to theoretical values (Table 1) . Data from a French external QC program (Probioqual, Lyon, France) (Table 2) show that our results are coherent with those reported by other laboratories using LC-MS/MS or RIA. However, results of the 17OHP assay ( Table 2 ) showed levels of 6.93 ng/mL for our method compared with 6.47 ng/mL for LC-MS/MS in other laboratories and 5.35 ng/mL for all methods (of which 95% were RIA). These discrepancies are likely due to a problem of calibration of the RIA kits.
Comparisons of immunoassay and LC-MS/MS results of non-CAH and CAH serum by Deming regression and Bland-Altman analysis ( Fig. 1) showed that the cortisol immunoassay gave results almost identical to those of LC-MS/MS. The values for T by RIA (DPC, CA, USA) were higher than by LC-MS/MS, and those of A by RIA (DSL) were considerably higher than by LC-MS/MS, whereas the results for 17OHP by LC-MS/MS were 20% to 30% higher than by RIA. This last discrepancy is in accordance with the results of the French external QC program (see above). However, 17OHP levels measured in preterm and full-term newborns were substantially higher (twofold to fourfold) by RIA than by LC-MS/MS (Table 3 ). In addition, serum T levels in preterm and full-term newborns were much higher by RIA than by LC-MS/MS (Supplemental Fig. 2 ).
Extracted serum volumes were 150 mL in all experiments. However, in cases of very low Aldo, 17OHPreg, and Preg concentrations, larger samples (450 mL) were re-extracted to Fig. 3 ). We found no matrix effect [11] for the three growing concentrations of the 16 steroids in the QC serum (Supplemental Table 3 ). Recoveries were between 88.7% and 116.2%.
B. Population Studied
We systematically applied this LC-MS/MS method to analyze the serum of patients consulting for hormonal investigations between January 2014 and December 2015, divided into four groups: preterm newborns (pregnancy ,37 weeks of amenorrhea; n = 10), full-term newborns age ,10 days (pregnancy .37 weeks of amenorrhea; n = 20), patients ranging in age from 10 days old to 18 years old without adrenal enzymatic deficiency (non-CAH; n = 149) followed for various conditions (delayed or advanced puberty, hirsutism, pubarche, adrenarche, simple growth retardation), and children evaluated for diagnosis of or follow-up for 21-hydroxylase deficiencies (CAH21; n = 48), as well as one child with17-hydroxylase deficiency and one with 3b-hydroxysteroid dehydrogenase type 2 deficiency.
The treatment of CAH21 included glucocorticoid and mineralocorticoid treatments. Glucocorticoid substitution consisted of oral administration of hydrocortisone (12 to The patient with a 17-hydroxylase enzyme anomaly, characterized by a moderate deficiency (composite heterozygote), was an 18-month-old boy. He received three androgenic treatments during the first year. The cortisol assay was performed during different evaluations and was in the basal normal range (91.9, 41.4, and 99.6 ng/mL). Hydrocortisone substitution was then necessary only in case of intercurrent diseases, stress, or surgery.
The patient with a 3b-hydroxysteroid dehydrogenase type 2 deficiency was a 10-year-old girl starting puberty (Prader stage II), treated with hydrocortisone (12.5 mg/m 2 per day), 9a-fludrocortisone (50 mg/d), and cyproterone acetate (12.5 mg/d). All samples were collected in the morning between 8:30 and 10:30 AM (fasting state), before treatment. Blood samples were randomly collected during the menstrual cycle for pubertal girls (CAH21, n = 3; non-CAH, n = 2). 
Results
Serum concentrations of the 16 steroids are shown in Table 4 for the four groups of patients. The relevant correlations cited in the text are shown in Supplemental Table 4 .
A. 17OHP and 21DF
The 17OHP levels assayed by LC-MS/MS ranged from 1.27 to 3.80 ng/mL in preterm newborns and 0.14 to 2.83 ng/mL in full-term newborns (,10 days), respectively. These levels were significantly higher (P , 0.0001) than those found in older children (Fig. 2) . The 21DF concentrations ranged from 0.027 to 0.209 ng/mL in preterm newborns and 0.027 to 0.113 ng/mL in full-term newborns ( Table 4 ). The 17OHP (0.054 to 2.75 ng/mL) in the group of 149 non-CAH patients, which was essentially of adrenal origin before puberty, increased significantly (P , 0.0001) from 10 years of age, whereas 21DF levels remained low (except for two particular cases with much higher 21DF levels: 0.71 and 0.92 ng/mL), with no significant difference between children younger than 10 and children 10 years of age or older (P = not significant) (Fig. 2) . Steroid profiles established in 48 treated or untreated cases of CAH-21 showed that basal 17OHP and 21DF levels varied from low concentrations to extremely elevated values, reaching 299 ng/mL for 17OHP and 35 ng/mL for 21DF ( Fig. 3 ; Table 4 ).
B. P and 21DB (Also Called 11bOH Progesterone)
In CAH21, serum progesterone concentrations in boys reached high levels, similar to female luteal values (up to 10.14 ng/mL in our patients). These concentrations were significantly higher than those in non-CAH boys (P , 0.0001) ( Fig. 3 ; Table 4 ). All non-CAH patients had 21DB levels below the LLOQ (0.012 ng/mL). CAH-21 patients had a wide range of 21DB concentrations (0.012 to 3.37 ng/mL) depending on the CAH treatment.
C. DOC, B, and Aldo
Serum DOC levels in patients with CAH21 were significantly lower (P , 0.0001) that those in non-CAH patients ( Fig. 3 ; Table 4 ). The B levels showed large variations in all groups and were significantly higher (P , 0.0001) in preterm and full-term newborns than the non-CAH patients. There was a significant correlation between DOC and B levels (r s = 0.675; P , 0.00001) in the non-CAH patients. The CAH21 patients had B levels significantly lower than those of non-CAH patients (P , 0.001). Aldo concentrations in the preterm and fullterm newborns were significantly higher (P , 0.0001) than those in non-CAH and CAH21 children. We identified one patient with high blood pressure who exhibited a steroid profile that confirmed a genetically proven 17 hydroxylase deficiency (high corticosterone of 90.4 ng/mL; DOC level, 2.37 ng/mL) ( Table 5) .
D. A, T, and 11bOHA
Androgen levels varied widely in preterm newborns: 0.32 to 1.58 ng/mL for A and 0.03 to 0.73 ng/mL for T. However, T levels were significantly higher in males than females (Table 4) . The concentrations of A and 11bOHA were not statistically different between males (n = 12) and females (n = 8) in full-term newborns. However, T levels were significantly higher (P , 0.001) in males (0.10 to 0.95 ng/mL) than in females (0.03 to 0.24 ng/mL).
The data from the non-CAH group, consisting of patients of various ages with various diseases, were used to correlate RIA and LC-MS/MS values (Fig. 1) . A levels in males and females were not significantly different, whereas T levels were significantly higher in males than females (P , 0.0001).
The wide range of concentrations of A (0.034 to 16.54 ng/mL), T (0.015 t 6.26 ng/mL), and 11bOHA (0.04 to 18.91 ng/mL) in CAH21 patients are likely explained by glucocorticoid treatments, sex, and age. We found high correlations between A and T (r s = 0.891; P , 0.0001), 11bOHA and A (r s = 0.993; P , 0.00001), and 11bOHA and 21DF (r s = 0.66; P , 0.0001) levels.
E. DHEA, 17OHPreg, and Preg (D5 Steroids)
The serum levels of D5 steroids in preterm newborns were high, from 6.33 to 33.08 ng/mL for DHEA, 3.77 to 35.62 ng/mL for 17OHpreg, and 0.25 to 23.27 ng/mL for Preg (Table 4) . Median serum levels of D5 steroids in full-term newborns were lower than in preterm newborns but also varied widely.
The serum levels of D5-steroids also varied widely in non-CAH patients but did not surpass 10 ng/mL. The highest levels were 9.5, 4.8, and 5.27 ng/mL for DHEA, 17OHPreg, and Preg, respectively. We found high correlations between DHEA and Preg (r s = 0.908; P , 0.001) and between DHEA and 17OHPreg (r s = 0.918; P , 0.0001) in these patients. We observed a wide range in the concentrations for each D5 steroid in CAH21 patients (0.22 to 14.29 ng/mL for DHEA, 0.41 to 13.39 ng/mL for 17OHPreg, and 0.2 to 13.05 ng/mL for Preg) because of the glucocorticoid treatments.
Here, we also report a typical serum steroid profile of a patient with genetically proven 3b-hydroxysteroid dehydrogenase adrenal deficiency who had high serum DHEA and 17OHPreg levels and low serum levels of cortisol, androgens, and mineralocorticoids (Table 5 ).
F. E and F
The median F/E ratios in preterm and full-term newborns were 1.72 and 1.07, respectively (Table 4) . However, the F levels in a few serum samples of preterm and full-term newborns were lower than E levels. The F/E ratios were between 1.24 and 7.76 in non-CAH patients, and the F and E levels were significantly correlated (r = 0.650; P , 0.0001). In CAH21 patients, the F and E levels depended on the treatment, and the highest F/E ratio measured was 5.4.
G. 11DF
The maximum 11DF levels in preterm and full-term newborns were 2.88 ng/mL and 2.35 ng/mL, respectively ( Fig. 3 ; Table 4 ). The highest 11DF levels in non-CAH and CAH21 patients were 1.74 ng/mL and 1.1 ng/mL, respectively.
Discussion
Levels of 17OHP measured by RIA in preterm and full-term newborns are higher than when measured by LC-MS/MS and could lead to misdiagnosis or uncertainty. LC-MS/MS provides better diagnostic confidence, especially during the neonatal period. Available 17OHP values obtained by RIA in preterm (n = 14 samples from 10 babies) and full-term (n = 11 samples from 20 babies) newborns were high, resulting in false-positive results for six of the 21 neonates (Table 3) ; this was not the case for the LC-MS/MS values. The artifactually high 17OHP levels may be related to cross-reactions with 3b-hydroxy-5-ene steroids [12] , such as the high levels of DHEA and 17OHPreg that we reported (Tables 3 and 4) . Nevertheless, 17OHP serum levels measured in preterm and full-term newborns by LC-MS/MS were higher than those measured in prepubertal children (Fig. 2) and may be related to reduced 11b-hydroxylase activity in preterm newborns, as previously reported [13] . Figure 2 . Box-and-whisker plots (medians, quartiles, and fifth and 95th percentiles) of 17OHP and 21DF serum concentrations and comparisons according to patient age: preterm and full-tem newborns (,10 days old, n = 30), non-CAH children (10 days to 9 years old; n = 40); and non-CAH participants (10 to 18 years old, n = 107). NS, not significant. 21DF production in healthy persons is negligible but increases markedly in patients with CAH21. Two decades ago, we and then other researchers reported the usefulness of 21DF measurement by RIA [14] [15] [16] [17] ; these studies were followed by others using LC-MS/MS [18] [19] [20] [21] [22] ( Table 6 ). The development of MS now permits the measurement of 21DF levels by LC-MS/MS, simultaneously with other steroids of interest, by using a small volume of serum. The upper basal level of 21DF ( Table 6 ) that we detected by LC-MS/MS (0.209 ng/mL) was similar to that previously found by RIA (0.15 ng/mL) by our group in a pediatric population without CAH [16] . The highest basal level of 21DF serum measured by RIA or LC-MS/MS (Table 6) reported by several authors (.0.4 ng/mL) was based on studies that included controls that were likely heterozygous carriers of CAH-21 [16, 23] . The low 21DF levels observed in preterm and fullterm newborns has made 21DF a useful additional marker to exclude CAH in these patients. Moreover, 21DF can provide a differential diagnosis between CAH with 21 hydroxylase deficiency and normal preterm newborns by blood spot analysis, whereas 17OHP cannot [24] .
In the current study, we detected very stable and low basal levels of 21DF (,0.103 ng/mL) in all but two of the 149 non-CAH children; these two patients had levels of 0.70 ng/mL and 0.91 ng/mL, likely corresponding to heterozygous carriers of CAH21 [16, 23] . These stable 21DF levels are in contrast to 17OHP levels, which depend on adrenal and gonadal secretions and consequently increase at puberty (Figs. 2 and 3) .
In the 48 cases of CAH21, serum 17OHP and 21DF concentrations were 100 to 1000 times the levels of these steroids in non-CAH children. The levels of these two steroids were closely correlated (r s = 0.949; P , 0.0001). In CAH21 patients, P serum levels correlated with those of 17OHP (r s = 0.890; P , 0.00001), and several male patients in this group exhibited P serum levels as high as those in the luteal phase in women. P serum levels thus appear to be good additive marker for 21-hydroxylase deficiency (Fig. 3) .
Our group previously postulated the possible direct 11b hydroxylation of P in 21 hydroxylase deficiency to form 21DB (also called 11b hydroxy progesterone) and quantified this steroid for the first time by RIA [25, 26] (Table 6 ). This allowed us to show an increase in the serum concentration of this steroid in classic and nonclassic CAH21 [25, 26] . In the current study, we found very low levels of 21DB in non-CAH patients by LC-MS/MS, often below the LLOQ (0.012 ng/mL). This is consistent with the 21DB levels we found previously by using RIA [26] and is in agreement with recent results obtained by using LC-MS/MS [21] . However, the 21DB serum levels in CAH21 patients correlated with those of 21DF (r s = 0.661; P , 0.0001) and P (r s = 0.663; P , 0.0001), and we found 21DB levels of up to 3.37 ng/mL. 21BD serum levels varied widely, depending on treatment.
Overall concentrations of mineralocorticoids (DOC, B, Aldo) were lower in CAH21 than non-CAH patients ( Fig. 3; Table 4 ), as previously reported [20, 21] , likely due to 21 hydroxylase deficiency in the mineralocorticoid pathway or fludrocortisone treatment. The high Aldo serum levels found in normal preterm and full-term newborns may be related to physiologic partial aldosterone resistance during the neonatal period [27] .
Here, we measured the concentrations of 16 steroids in genetically proven 17 hydroxylase deficiency with very high levels of DOC and B, confirming the previously established diagnosis (Table 5) . We also showed elevated levels of 21DB, which has not been previously reported.
The A and T levels varied widely, with significantly higher T levels in male than female fullterm newborns [28] . The levels of 11bOHA, a rarely assayed androgen that originates mainly from 11b-hydroxylation of A [29] , showed a very close correlation with levels of A (r s = 0.993). Given that 11bOHA is also produced from cortisol [30] , we suggest that 21DF may also contribute to the formation of this 11b-hydroxylated androgen in CAH21.
Unlike A and T, which come from adrenals and gonads, 11bOHA is strictly secreted by the adrenals. It is inactive on androgen receptors but reflects the adrenal contribution to circulating androgens in CAH21. We found a very wide range of 11bOHA values in CAH21 (0.025 to 18.91 ng/mL), and the median level (1.05 ng/mL) was below that previously reported by using RIA (3.4 ng/mL) [2] or LC-MS/MS [31] . This can be explained by the treatment of patients.
The high serum levels of DHEA, 17OHPreg, and Preg in preterm and full-term newborns, as previously reported [32] , may be due to the persistence of the adrenal inner fetal zone after birth [33, 34] . The values of these steroids in non-CAH children were similar to those previously reported [35] .
The typical basal serum steroid profile of a genetically proven 3b-hydroxysteroid dehydrogenase type 2 adrenal deficiency patient, with high levels of D5 steroids and low levels of Note the high serum levels of corticosterone, DOC, and 21DB (in bold) in the patient with 17-hydroxylase deficiency and the high serum levels of DHEA, 17-OHPreg (in bold), and Preg with low serum levels of androgens, mineralocorticoids, and glucocorticoids in the patient with a 3b-hydroxysteroid dehydrogenase deficiency. a The cortisol assay was performed at different evaluations and was in the normal basal range (91.9 and 99.6 ng/mL).
the other reported steroids (Table 5) , agrees with previously published data [36] . The nearnormal androgen levels can be explained by suppression of pituitary gland function by cyproterone acetate treatment. The high levels of E [37, 38] in preterm and full-term newborns reflect the persistence of the fetal zone for several weeks after birth, with high expression of 11b-hydroxy steroid dehydrogenase type 2 [39] . The median F/E ratio in non-CAH children (3.77) was similar to that found by others (4.11) in healthy persons [40] . The determination of E and F serum levels and the F/E ratio is challenging because a high F/E ratio in the context of high blood pressure, hypokalemia, or hypoaldosteronemia leads to the suspicion of genetic 11b-hydroxy steroid dehydrogenase type 2 deficiency [41] . In CAH21, the E and F levels depend on the treatment, and the highest F/E ratio was 5.35.
The 11DF levels were significantly higher in preterm and full-term newborns than prepubertal non-CAH patients (P , 0.0001), and, as previously discussed for 17OHP, these higher 11DF levels may be related to low physiologic 11b-hydroxylase activity, as previously described for preterm babies [13] .
The highest level of 11DF was 1.74 ng/mL in non-CAH children and 1.1 ng/mL in CAH-21 children (Table 4) . Knowledge of these limits is important for the detection of cases of 11b-hydroxylase deficiency, which we did not encounter in this study.
Our study had some limitations, notably the various treatments received by many patients. The strength of our work, however, has been its ability to investigate a large number of steroids of adrenal, gonadal, or mixed origin that are useful for the diagnosis and monitoring of the various types of CAH, particularly in pediatrics, using a small volume of serum (150 mL), under real-life conditions. This approach could be suitable for routine medical analysis. We also showed the comparative advantage of LC-MS/MS over RIA for avoiding false-positive results in the diagnosis of CAH21 in neonatal patients. Finally, we demonstrated the stable and low serum levels of 21DF (upper levels, about 0.2 ng/mL) and undetectable serum levels of 21DB in non-CAH patients. These two 21 deoxysteroids of strictly adrenal origin specifically increase in CAH21 patients. The 21DF assay provides important information on the glucocorticoid pathway, whereas the 21DB assay explores the enzymatic block in the mineralocorticoid pathway.
